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ABSTRACT
STUDY ON PHASE-MATCHED AMPLIFICATION OF COHERENT ELECTROMAGNETIC
WAVES THROUGH CO-PLANAR TRAVELING WAVE STRUCTURE FOR
BROADBAND POWER RF GENERATION
Andrew Palm, M.S.
Department of Physics
Northern Illinois University, 2015
Young-min Shin, Thesis Advisor
In a non-relativistic plasma regime, an electron beam with a few tens of keV is capable of
producing a powerful coherent radiation when it is synchronized with a backward or forward
electromagnetic wave traveling along a periodic slow wave structure with a metal corrugation or
a dielectric. In particular, the forward synchronization efficiently converts the power lost from the
electron beam, while being decelerated, to a RF power of forward traveling wave, which is the
basic principle of RF traveling wave amplifiers (TWAs). TWAs are widely used with solid-state
drivers in microwave power modules (MPMs) for long distance communications and remote
sensing in military and civilian areas. However, practical application of conventional TWAs to
remote communication has been fairly limited below Ka-band (~ 40 GHz) for rapid saturation of
RF power-gain from a single-stage beam-wave synchronization with an increase of operating
frequency. For the past two years, we have studied phase-velocity tapering concept for extended
beam-wave synchronization of a high frequency (V-band: 71 – 76 GHz) TWA structure in the
collaborative research project with an industrial partner and Air Force. Our analysis on the Pierce
small signal gain theory and particle-in-cell (PIC) simulations indicates that the designed structure
with the extended phase-velocity matching produces unprecedented level of power (60 – 80 Watts)
and bandwidth (7 %) with exceptionally large efficiency (> 8%) and gain (~ 30 dB) from a dc

elliptical beam (10 keV and 100 mA) at V-band. This paper will discuss details of the research
project, including system design and RF transmission-test.
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CHAPTER 1: INTRODUCTION
1.1 Microwave power module (MPM) for remote communication
Microwave communication has quickly found itself as a staple in modern technology.
Wireless Cellular phones, satellite television, global positioning system (GPS), Wi-Fi, and
weather forecasting are just a few examples of non-militaristic microwave technology that are
used worldwide every day. Microwave technology utilizes EM radiation that ranges between
1 to 300 GHz as seen in figure 1.

Figure 1: Frequency Bands of EM waves

Military uses include radar, navigation of missiles and unmanned aerial vehicles
(UAVs), tracking of vehicles and missiles, and satellite communications. None of these are
possible without microwave technology. The most pressing needs in microwave technologies
is the demand for an increase of the amount of information per second that is possible along
with extension of the distance that the information can travel while being recoverable by a
receiver. The distance that the signal can travel is dependent on the initial power of the signal
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as well as the attenuation of the signal caused by the medium the signal is moving through.
The medium’s attenuation varies with the frequency of the signal being propagated with
smaller frequencies interacting with particles in the medium. For millimeter waves traveling
through the atmosphere, attenuation varies drastically with the frequency due to atomic
interactions, specifically absorption, with compounds in the air such as oxygen and nitrogen.
Figure 2 shows the attenuation per kilometer for varying frequencies up to 300 GHz. As can
be easily seen, certain frequency bands are avoided for long distance communication simply
due to high attenuation from the transmitting atmosphere [1].

Figure 2: Attenuation in dB /Km of the extremely high frequency
caused by molecules in the atmosphere

High amplification is needed for long distance communication to make sure the radiating
signal makes it to the target intended. This is even more of a need when operating in a
frequency band that has larger atmospheric attenuation. High power is achievable through
amplification of the RF signal through either vacuum devices or solid state devices. Solid
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state devices provide enough power necessary for low power or low frequencies needs such
as amplifying signals for cellular phones or Wi-Fi modems. These devices are effective at
lower frequencies but are simply not able to provide large enough output power at higher
frequencies such as extremely high frequencies (EHF) as can be seen in Fig. 3 [2].

Figure 3: Average Power of Solid State and Vacuum Devices

Microwave power modules (MPMs) combine the benefits of high amplification from
vacuum electronics technology with the stability of solid state RF sources [2]. This
combination has made incredible increases in Watts per cubic centimeter or Watt per gram
which are vital for applications that demand compact power amplifiers. Watts per volume is
defined as the amount of watts per volume of the amplifying device and watts per gram is the
amount of watts capable per weight of the amplifier. High W/cm3 and W/g are traits sought
after where size and weight are limiting factors. MPMs are standalone compact amplification
devices including a solid state driver and traveling wave tube amplifier. These devices take in
small RF signal and amplifies it first with the solid state to then be coupled into the vacuum
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tube amplifier for substantial amplification. MPMs offer a reduction in size, weight, noise,
and efficiency when combined in a single amplifier design. These small, efficient, and
lightweight amplifiers can be placed in communication devices which require these needs for
compact but high power amplifiers that could be used in video feed and radar detection.
One such device that can utilize these amplifiers are unmanned aerial vehicles
(UAVs).

UAVs are quickly becoming more frequently used for military and commercial

needs. They are cheaper than full scale aircraft and do not need to be piloted by personnel.
With MPMs as the power amplification system in UAVs, they are capable of real time video
feed that can be uplinked to either satellite or transmitted to ground stations. This is an
incredible feat as modern warfare and surveillance is depending more on unmanned
equipment to keep military personnel out of direct danger. Increased power efficiency from
MPMs also means lower power sources as well as smaller cooling and slowdown structures.
These are all beneficial for space limited amplifiers. This research project is being funded by
the U.S. Air Force and its subsidiary company (Bridge 12 inc.) for an engineering design
project to design components of an upper V-band MPM with an emphasis based on
computational analysis to optimize part design. Foundation of physics paired with extensive
study of microwave engineering techniques is used to design the vacuum amplifier
components of the MPM. The end goal of this research project is to be able to design a 71-76
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GHz MPM that is compact enough to be able to mount on small aerial vehicles while still
being powerful enough to produce 50 Watt output power with 30 dB gain with minimum 5%
efficiency to promote long distance communication for the device that uses the amplifier.
1.2 Traveling Wave Tube (TWT) Amplifier
Vacuum electronic devices (VEDs) have been around since the 1940s and are capable
of producing high radiation powers at microwave bands. The most commonly used VED is a
traveling wave tube amplifier. A typical TWT configuration along with the system
components is shown in Fig. 4.

Figure 4: Typical TWT Design showing all components

The TWTs operate by heating a thermionic cathode with a low work function so as to
release a constant stream of electrons. The electrons are focused into the beam tunnel using
focus electrodes. At the same time, RF is coupled in through the window and travels through
the coupler into the beam tunnel. EM waves have electric and magnetic fields that oscillate
perpendicular to the direction of propagation. Because of Maxwell’s equations, the electric
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field of the RF produces a voltage field as well. The cavity structure of the waveguide will
cause dispersion, or slowing down of the RF, in the waveguide. When a stream of electrons is
introduced into this field with the same axial velocity as the RF, the electrons in the electron
beam will experience a static electric field from the RF. With the RF and electrons in the
same time reference frame, the electrons will undergo an electric force causing the electrons
to bunch into regions of high electric field. In the rest frame, this would be electrons either
slowing down or speeding up to reach the high electric field regions. When this occurs, the
electric field of slow wave structure will increase in areas of leaving electrons or the field will
decrease in areas where electrons are bunched. This effectively imposes AC-components to
beam current and voltage from the RF. The current and the voltage will be out of phase with
each other by some amount. Ultimately, the induced voltage waveform will be phase shifted
90 degrees to what the voltage waveform is at first. This makes decelerating and accelerating
field regions along the axial direction. The decelerating bunch of electrons transfer energy
from the electrons into the electric field. Electrons in the accelerating field absorbs energy
from the RF. The electron velocity decreases as energy is extracted from them. As the
electrons are slowing down, they begin to be in the accelerating field more than the
decelerating field. For maximum output power, the RF should be removed from the circuit.
Slow wave structures based on electronic Brag interaction have been utilized for
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quite some time, taking advantage of wide range of Cherenkov-type radiation sources and
particle acceleration machines in microwave or millimeter wave regimes such as linear
accelerators, free electron lasers (FELs), traveling wave tubes (TWTs), backward wave
oscillators, etc. [3 – 9]. Generally, structural geometries and interactive media of the
electronic circuits to confine electromagnetic (EM) waves are specified by beam-wave
synchronization conditions relevant to their main applications. For instance, microwave
transmission line structures such as helix or meander stripe line circuits hold wide passbands,
reaching even a few octaves, of confined EM modes coupled with a few tens kV electron
beam, while the beam-wave coupling efficiency is fairly low [10, 11]. Radiative photon
modes of electric reflection gratings are also broadly coupled with non-relativistic electron
beam and yet spontaneous radiation efficiency of the open geometry is very low as well [12].
The coupling impedances of confined modes in guided wave structures are substantially
higher than the ones of the transmission line structures. In particular, electron-photon energy
efficiencies of confined traveling EM wave structures, such as folded waveguides or coupled
cavities, [13, 14] typically reach 10 – 30 %. However, coherent, monochromatic radiations
from the electronic devices have narrow active spectral passband bandwidths due to offsynchronous condition of near-cutoff TE-modes de-phased from the electron beam. For the
application requiring some extension of spectral coverage and tunability, such as remote
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communication/sensing of coherent radiation sources, either the narrow instantaneous
bandwidth or the low radiation efficiency significantly limits device performance and/or
physical size. In previous projects, the confined wave structure with the staggered double
grating array is conceived and investigated in the attempt to develop a broadband traveling
wave amplifier with a stable fundamental mode operation [15]. The confined waves between
a set of two vane arrays are TE-modes with the similar phase velocities that co-propagate
with continuous energy exchange. The gain of signal amplification could thus be greatly
enlarged over a wide bandwidth by lengthening the interaction section. However, as a large
portion of electric field is polarized in the transverse direction perpendicular to the beam
owing to the zigzag wave motion, the beam is weakly coupled with the longitudinal fields of
inclined field vectors. The weak coupling leads to de-phasing of amplified waves from the
electron beam before it reaches the maximum radiation efficiency, which noticeably limits
energy conversion from the beam. Normally, the de-phasing could be compensated by
tapering a circuit wavelength (periodic length) to extend the phase velocity matching of dephased waves [16, 17]. This allows optimization of the beam-wave phase-matching condition
along the co-planar slow wave structure to increase radiation efficiency.
This thesis presents active band characteristics of the beam-wave co-propagating
structure and its power amplification and radiation efficiency with velocity-tapering that is
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based on Pierce small signal analysis [18] and particle-in-cell (PIC) simulations [19].
Emphasis of this thesis is to see how extending phase synchronization conditions increases
overall output power, efficiency, and gain. The project that is completed included
extending phase synchronization along with the engineering design of all of the other
components that go into a TWT. This thesis will also discuss the power spectral responses
and beam energy distributions with respect to the beam parameters. Design emphasis
placed on the MPM to be designed is to operate between 71 – 76 GHz with 30 dB gain
with 50-100 mW input power. The attenuation of that frequency band is around -0.5
dB/Km. If 30 dB gain is to be achieved, this would pertain to the signal being able to travel
60 Km without being attenuated from the initial input signal. Input power is chosen to be
100 mW maximum as this is easily achievable with solid stage preamplifiers in the Vband. Operating conditions is 10 kV and 50-100 mA beam voltage and current
respectively. The beam power is kept low to minimize the gun dimensions needed along
with collector device.
1.3 Development of a wideband TWT amplifier for V-band MPM
Millimeter and sub-millimeter wavelength signals have become the recent pursuit of
interest for communication. This is due to the demand for higher frequency carrier signals as
higher frequency carrier signals are able to transmit more information per second. When
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higher frequencies are used, interactions with particles in the atmosphere result in higher
attenuation for particular frequencies which make transmitting for these frequency bands
difficult. Upper V-Band (> 70 GHz) is a particularly intriguing frequency band due to the lack
of interference in this frequency band. Less congested frequency bands are sought after due
to the continuing crowding of airways especially from telecom satellites, which cause
interference at the receivers. V-band falls under the extremely high frequency (EHF) which
are frequencies ranging from 30 to 300 GHz. Figure 5 is a zoomed in view of the attenuation
graph from before showing the attenuation per distance for varying frequencies [2].

Figure 5: Atmospheric Attenuation for V-Band Frequency spectrum

EHF have a tendency to be attenuated by gases in the atmosphere and the attenuation
must be taken into consideration for long distance communication purposes. The benefit of
operating in the 71 – 76 GHz bandwidth is that this frequency band does not attenuate from
oxygen as much as other frequencies in the band. Because of this, this frequency band has
less interference than more used frequency bands and thus is preferred as a possible band of
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operation. Microfabrication techniques have recently enabled this band to be commercially
available due to fabrication processes becoming cheaper. A high frequency carrier signal such
as V-Band is particularly sought after as this would allow real time video feed to be
transmitted from a vehicle such as a UAV in point to point communication as well as radar
applications. Point to point communication is when the RF will be sent in a direct path from
transmitter to receiver without the use of a relaying device. Radar is the recovery of
transmitted signals from EM reflecting boundaries.
1.4 Co-planar traveling wave structure for coherent EM wave amplification
The staggered double grating array (SDGA) structure has been widely studied for the
inherently large power-bandwidth product and simple geometrical configuration [15]. The
SDGA structure is depicted in Fig. 6.

Figure 6: Standard Double Grating Array slow wave structure

Staggering the vane arrays with a half period arrangement induces longitudinal field
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component distributed along the same direction of the electron beam. The strong longitudinal
fields result in better modulation and thus better radiation and output power as opposed to
designs that have weaker longitudinal field arrangements. A power-bandwidth product is
defined as the product of the 3dB bandwidth (frequency) multiplied with the radiation power
(power) and is a common figure of merit to assess how well an amplifier operates. This is a
valuable parameter in vacuum devices as it makes comparing low power higher bandwidth
devices and high power low bandwidth devices possible. The power-bandwidth product
𝐼

creates an unusual unit in physics but, similar to Perveance (𝑃 = 𝑉𝑏𝑏1.5), it is effective in
design of microwave devices.
Periodically structured waveguides have harmonic modes of the signal being
introduced into the coupled cavity. The fundamental or harmonic modes can be coupled with
the electron beam for phase synchronization. While operation with the oversized circuit with
higher-order-modes (HOMs) has its benefits, such as lower beam current, the fundamental
mode operation offers a simplicity in circuit designing that HOM does not have. Specifically,
dielectrics do not need to be implemented to cancel out the lower order modes of operation.
Coupling the electron beam with the fundamental mode in the 1st spatial harmonic regime (n
= 1, forward wave) can decrease the operating beam voltage, while still maintaining broad
bandwidth while choosing the fundamental harmonic would require a much larger beam
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energy but would offer a larger bandwidth. Coupling with higher harmonics would lower the
beam energy needed but would result in a very small bandwidth.

The 1st spatial harmonic

provides a good middle ground of broad bandwidth while keeping the beam energy required
low. Dispersion relations describe how a traveling wave is dispersed in a medium, which
relates the wavelength or wavenumber of a wave to its frequency. This relation determines
the phase velocity and group velocity of the wave depending on the refractive index of the
medium. In order for a traveling wave to gain an energy from the electron beam through a
medium (slow wave structure), its phase velocity must be synchronized with the beam
velocity as shown in Fig. 7. Dispersion Curves of multiple passbands are repeating curves
because of the harmonics of the closed waveguide. Different passbands can be coupled with
the electron beam but in this device, the forward passband will be the synchronization
passband within the 1st spatial harmonic regime (n = 1).

Figure 7: Dispersion Curve of circuit with beam-lines
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The SDGA structure designed with the conditions to match the 10 keV beam energy.
Circuit characteristics of the planar structure are governed by some of main geometrical
parameters: usually cavity height, h, and beam filling ratio relative to the beam tunnel width,
b. These dimensions generally determine a spectral range of operating passband coupled with
the beam within the instantaneous bandwidths. The design outline is mainly configured with
the synchronous condition of a mid-band mode (fc (center frequency) = 73.5 GHz and c
(RF-phase) = 2.5 ) to ensure frequencies are close to the designed amplifying frequency for
the entire operating band. Electron beam designs are chosen for 10 kV, 50 – 100 mA electron
beam to ensure low power and realistic cathode design. To ensure long distance point to point
communication, power needed to reach 50 Watt radiation power with 30 dB gain from a 50 –
100 mW driving source. Based on the outline, the designed structure is optimized with the
following dimensions: (all optimized values for 1 mm periodicity) vane height (L = 1.30
mm), cavity width (h = 2.26 mm), beam tunnel height (b = 0.326 mm), and period (d = 1 mm
for the 1st section). The circuit width (h) is mainly determined by the mid-band frequency (fc)
and the coupling condition of the operating mode with the 10 kV beam yields the period (d),
with m = 0 + 2n (0 = k0d), where m is the phase variation of nth harmonic component
and k0 is the longitudinal wave number. The beam tunnel dimension (b) is selected for the
optimum transverse beam coupling coefficient that are proportional to a Bessel function of
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the beam filling ratio with respect to the beam tunnel dimensions. The optimum coupling
coefficient maximizes circuit interaction impedances and power gain accordingly.
Circuits where the phase velocity is a function of the frequency is called a dispersive
circuit. Dispersion of the RF is directly controlled by the dimensions of the cavities used
along with the frequency used in the cavities. This is related to the beam energy needed for
beam coupling as the dispersion is directly related to the axial velocity of the RF in the
vacuum. Figure 7 is the dispersion curve of designed structure showing dispersion (x axis) for
varying frequencies (y axis) with the electron beamlines of 10 - 10.4 kV placed in as well.
The set of frequencies that have the same phase velocities as the beam are denoted by the
frequencies that are close where the beam-line will cross the dispersion curve. These
frequencies will receive amplification from the circuit. The electron beams with slightly
higher energy than the nominal number (10 kV) most widely couples with the forward wave
modes in the fundamental passband due to increased synchronization distances. The beam
loses energy as it propagates along the slow wave structure and slows down as energy is
transferred from beam to RF. As the beam loses energy, the phase velocity drops bringing the
slope of the dispersion curve with it as well. Designing a higher energy beam-line than the
theoretical beam energy will allow the beam to start with a higher phase velocity at first but
slowly decrease beam energy as synchronization occurs. This permits the beam to interact
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with the RF longer in the drift tube as long as the synchronization conditions are kept while
the beam drops from higher velocity of the beam to lower velocity of the beam. This means
that a beam with higher energy than the nominal beam energy can keep synchronization for
longer, which allows for higher gain as a whole. This suggests that while design of the circuit
is for 10 keV beam energy, it should be expected to find a higher beam energy to provide
better total synchronization. For a substantially limited power level of RF driving sources in
the millimeter and sub-millimeter regime, the interaction structure design is mainly focused
on maximizing gain of RF amplification beyond 30 dB with  95 % beam transmission of 10
kV electron beam for 7% 3dB bandwidth. 3dB-bandwidth (or full-width-half-maximum:
FWHM) is defined as spectrum of frequencies that is 3dB below the maximum gain for an
amplifier.

Figure 8: 3dB Calculation Example

Figure 8 shows an example calculation of 3dB bandwidth by subtracting the peak
gain by 3 dB and taking the difference between the upper frequency f2 and the lower
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frequency f1. An often used method to preserve the synchronization is to implement tapering
of the SWS to maintain RF phase velocity matching with the electron beam. Adding a section
of SWS with a shorter period (d) extends the phase-matching with the slowed beam and the
RF. The dimensional parameters of the second section, in particular cavity width (h), are redefined to maintain a resonant frequency of c = 2.5 at fc = 73.5 GHz. The SDGA structure
designed with the modified linear gain theory is analyzed with PIC simulations [19] to predict
amplified powers in the saturated gain regime. The simulation model includes RF couplers
optimally designed and gains are estimated by powers monitored through the input and
output couplers, as explained in chapter 3. With the model, the frequencies and driving
powers is optimized to find saturated gains on the passband with the sheet beam with 10 kV
and 100 mA. Unlike the small signal approximation that assumes the beam energy is
constantly preserved along with the power amplification, the PIC simulation takes into
account the changing beam energy. This simulation technique accounts for the nonlinearity of
the beam energy as it loses energy due to the transfer of beam energy to RF energy while
propagating along the drift tube. This means that the beam energy will be dropping
continuously as synchronization conditions are met. This dropping beam energy must be
accounted for to maintain synchronization conditions. Direct calculations of the beam energy
needed is not possible but computer simulations with varying beam voltage easily allows for

18

the best beam energy to be found.
Gain and power will be maximized at a higher beam voltage than 10 kV even though
the period, d, of the designed circuit is theoretically tuned to be coupled with 10 kV at f =
73.5 GHz and  = 2.5. Coupling the structure with the slightly higher beam energy would
somewhat narrower down the passband (fundamental mode). The operating beam voltage can
be selectively adjusted to optimize either gain or bandwidth as needed. The SDGA structure
holds a large spectral coverage of the fundamental mode (TE10), which intrinsically provides
a wide active bandwidth. Due to the wideband characteristic, the electron beam might excite
multiple accelerating modes, including cutoff modes, on the passband if its energymomentum state is too widely overlapped with ones of the circuit waves. This could then
produce instability to the normal power amplification process. It will be found later in the
thesis, that a 10 keV beam voltage noticeably excites the upper cutoff mode at  = 3 (f = 81
GHz), while it produces relatively smaller gains (than higher energy beams) with the forward
wave modes in the mid-band regime. 10.4 keV beam energy will provide maximum power
and gain with stable power amplifications and will ultimately be the beam energy for power
optimization. PIC simulations and further design of phase-velocity tapering in the second
section be designed with the higher beam energy but nevertheless, the beam energy could still
be potentially lowered to enlarge a bandwidth, if necessary. In order to correctly estimate
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power gains of the designed circuit in PIC simulations, RF power couplers need to be
designed to properly feed in/out RF signals. The designed coupler provide less than -2.86 dB
matching loss across the entire passband. With couplers added to the SWS part of the circuit,
power could be measured through power calculations using electric field measurements of the
RF at the output port. The input and output couplers are used to ensure impedance matching
to limit circuit reflection at the output port. The S11 and S21 results are calculated using PIC
simulations for optimization of the dimensions of the coupler until low reflection/high
transmission is attained of the fundamental mode where optimum S11 is -13.1 dB and S21 is 2.47 dB at the center frequency 73.5 GHz. Reflection and transmission coupling coefficients
are provided by designing a smooth transition of RF impedance from the circuit to external
ports.
1.5 Conclusion
Small efficient amplifiers in the V-band will enable better communication abilities of
higher data per second for implementation for areas that have limiting amplifier space or
weight dimensions allowable. Design of a V-band TWT could be implemented into UAV
design for long range communication. The SDGA slow wave structures will be looked at for
possible ways to sustain phase synchronization of a designed circuit with the frequency band
of 71-76 GHz. This will be done by adjusting dimensions of the circuit in ways such as to
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keep the axial velocity of the RF near the electron beam velocity to maintain continuous RF
amplification. Small signal gain theory as well as computer simulation will provide the
necessary computational analysis to optimize the operation conditions and circuit dimensions.
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CHAPTER 2 : THEORETICAL AND NUMERICAL ANALYSES OF RF
AMPLIFICATION IN A PLANAR TWT WITH EXTENDED PHASE-MATCHING
2.1: Introduction
This chapter will discuss the theoretical analysis based on the Pierce gain
calculations along with the dynamics of the power amplifications in the SDGA traveling
wave structure. Following that, computer aided simulations will be shown using computer
simulation analysis. Afterwards, the phase-velocity tapering of the SDGA structure will be
provide a more detailed means to increase power and gain without changing power
requirements.
2.2 Theoretical Analysis
J.R. Pierce was a microwave engineer who wrote the accepted standard of small
signal in the 1960s. Small signal theory gives good understanding to the physics occurring for
the energy exchange between RF and an electron beam. Pierce small signal theory is
acknowledged as the standard manner of calculating gain of an amplifier using beam-wave
synchronization. Small signal theory provides insight into the gain that is achievable for as
long as the given phase velocities match. As explained earlier, the beam energy will lower as
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the synchronization occurs which small signal theory does not account for. The small signal
theory allows for fast analysis of a circuit design with various beam energies. Analyzing the
changes of power from altering beam energies takes just a few minutes while computer
simulation requires hours to complete. Because of this, small signal theory provides a good
starting point for optimizing conditions. Small signal theory is completed by supposing the
interaction region of the tube is a transmission line with intrinsic impedance. Solutions for
mode propagation are expected to oscillate as a wave with frequency ω and propagation
constant β. RF current in the electron beam is calculated next as a function of the beam
𝑗×𝛽 ×𝐼 Γ×𝑉

parameters. 𝑖 = 2×𝑉 𝑒(𝑗𝛽𝑜 −Γ)2 where βe is the electron velocity, Ѓ is the propagation constant,
𝑜

𝑒

V is RF voltage in beam, and Vo is beam voltage. Voltage is then found on the transmission
line for one loop. From the voltage, the electric field that the electrons in the electron beam
would experience can be calculated from this. The electronic equation and circuit equation
give two equations combining axial current and axial electric field. Combining these
𝛽

equations lead to the fourth degree detrimental equation that is 2𝐶 3 (𝛽−𝛽𝑒

𝑒

where C is the Gain parameter, 𝐶 3 =

𝐾𝑚
,
𝑉
4∗ 𝑜⁄𝐼
𝑜

)2

𝛽 2 𝛽𝑐
(𝛽−𝛽𝑒 )2

+1=0

Km is the interaction impedance, Vo is the beam

voltage, Io is the beam current, βc is the RF axial velocity, and β is the propagation mode that
has four solutions. The detrimental equation is always true that yields four solutions of
natural mode propagation. The detrimental equation is of fourth degree due to four boundary
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conditions that must be met, specifically, voltages at the ends of the circuit and RF current
and velocity of the Beam at the location that the beam comes into the circuit. There are two
situations of interest now, when synchronous conditions are met where the phase velocity of
the electrons are close to the RF and also when the phase velocities do not match. When the
velocities are close it can be said that 𝛽𝑐 = 𝛽𝑒 and that the mode propagation constant β is
very close to these speeds. This leads to four solutions of the detrimental equation with 3
solutions of a forward wave and one of a backward wave. Only one solution of the
propagation constant will increase as distance increases and thus this will be the wave that
will be of interest in the waveguide. For nonsynchronous operations, the RF and electron
axial velocity is related by 𝛽𝑐 = 𝛽𝑒 (1 + 𝐶𝑏) where ‘b’ is a constant called Pierces velocity
parameter. When b > 0 means electrons traveling faster than the RF and b < 0 means
electrons traveling slower and synchronous conditions occurring when b = 0. Different b’s
results in different wave solutions to the detrimental equation. It turns out that ‘b’ needs to be
3

1

0 < 𝑏 < (2) × 23 for amplification of the wave. For other values of ‘b’ either no energy will
be exchanged or energy will be extracted from the RF and given to the electron beam.
The Pierce interaction impedance Km is used to calculate the Pierce gain parameter,
[19]. Interaction impedance is calculated using eigenmode simulation of CST and is found in
figure 9 below.
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Figure 9: Interaction Impedance (Km) vs frequency of the SDGA circuit

The full deterministic equation for the incremental propagation constants, δ,
corresponding to each forward wave is given by [20],
1

𝛿 2 = −𝑏+𝑗(𝑑

𝑜 +𝛿)

+ 4𝑄𝐶

(3)

, where b is the Pierce velocity parameter, d0 is the Pierce loss parameter, and 4QC is the
Pierce space charge parameter. The launching loss varies as the beam-wave coupling is lost
and is given by,
4𝑄𝐶
𝛿𝑖 2
𝛿
∏𝑖≠𝑘(1− 𝑘 )
𝛿𝑖

1+

𝐿𝐿𝑖 =

(4)

, where i = 1, 2, 3 indicates the corresponding root of Eq. (3). Gain including space charge
forces and launching loss is thus given simply by,

𝐺 = 10 log(| ∑31 𝐿𝐿𝑖 exp(Γ𝑖 𝐿𝑐 |)2
and

(5)
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Γ𝑖 = −(𝑗𝛽𝑒 − 𝛽𝑒 𝐶𝛿𝑖 )

(6)

, where Lc indicates circuit length and Γi is the propagation constant of the forward waves.
Thus, the gain includes all 3 forward waves, but at synchronous phase (φ = 2.5π), only one
wave will amplify for long circuits. Gain growth is simply gain/circuit length, G/Lc and is
shown in Fig. 10.

Figure 10: small signal Gain Growth for operating frequency spectrum

This small signal analysis of the SDGA circuit predicts that the gain growth ranges
from 1.58 to 4.24 dB/mm for the forward wave (71 – 76 GHz). For the forward wave
amplification, this gain analysis implies that ideally an 8 cm (= 80 periods) long circuit can
provide about 34 dB gain with 10.4 kV and 50 mA sheet beam, corresponding to 50 W power
from 20 mW driving signal.

This will be true if the beam energy is maintained at 10.4 keV

for the entire length of the circuit. The reduced plasma wavelength (q) of the beam owing to
an electrostatic potential depression is calculated to be ~ 0.13% in the beam tunnel with
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beam-tunnel 67% filling ratio. However, an actual reduction due to the tunnel would be much
smaller as the beam potential is depressed only when it passes through the vanes that occupy
a quarter of the top- or bottom- tunnel surface. Indeed, as the wave constant (m - p) of slow
plasma waves changes with ~ 33 % at most, the mismatch of phase velocity ( 𝜐𝑝 =
𝛿𝜔

|
)
𝛿𝛽 𝛽=𝛽𝑚 −𝛽𝑝

due to the potential depression (p  q) is very small to the broadband circuit.

Note that at the frequency band of interest (71 – 76 GHz), launching loss overwhelmingly
exceeds the gain growth rate. This leads to power attenuation (negative gain) but the gain
becomes positive again due to the increasing Q-factor (stored energy shown in Figure 11)
around the stop-band ( ~ 3). As a whole, the one dimensional analysis ends up
characterizing the linear performance of the circuit in producing 31.6 dB gain at 73.5 GHz
with 1.4% 3dB-bandwidth.
Using eigenmode computation analysis from CST [21], the quality factor (Q0) and
circuit impedance per unit cell,

𝑅
𝑄

∞ |𝐸𝑧 |𝑑𝑧

= (∫−∞

2𝜔𝑊

), are first checked through the frequency

range of 71 – 76 GHz, where W is the stored energy in a cavity volume. These values are
calculated for a single cavity with periodic boundaries.
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Figure 11: (a) unloaded Q (Q0) versus frequency and (b) R/Q for the fundamental
forward and backward wave passbands

Figure 11 shows quality factor ,Q0, and R/Q versus frequency graphs of the 1st
(forward) and 2nd (backward) passbands at the 1st spatial harmonic regime (m = kmd = 2 ~
3). The quality factor dictates how much energy is stored in the circuit for the excited
frequency. In the simulation, R/Qs is calculated at the middle of the circuit (transverse
position of the maximum electric fields). Both parameters gradually increase: Q0 = 1170~
1700 (1st) and 1730 – 2090 (2nd) and R/Q = 0.03 – 53 (1st) and 55 – 210 (2nd). Note that the
energy stored and field strength continues to rise with the frequency from the lower cutoff to
the upper one. This is not the case for other types of TWT circuits. The large amount of EM
energy could thus be stored in the space between the vanes though widespread eigenmodes,
which ensure broadband operation in the first passband.
This computational approach provides confirmation of the PIC simulation results as
well as rapid parameter scans. For the numerical computation, in the simulation code
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interaction impedance is defined [20] as
|𝐸 |2

𝐾𝑚 = 2𝑘𝑚2 𝑃
𝑚

(7)

, where Em is the axial electric field defined as
1

𝑑

𝐸𝑚 = 𝑑 ∫0 𝐸𝑧 (𝑧)𝑒 𝑖𝑘𝑚𝑧 𝑑𝑧

(8)

and P (= WE/Q0) is the power flow (WE = 1 Joule: default input energy defined for the
eigenmode simulation) and km (= k0 + 2m/d) is the propagation constant of the mth space
harmonic. As there is no analytic electric field (Ez) model for the SWS structure, the field
data for the impedance calculation is directly obtained from the 3D-EM simulation. In the
eigenmode simulation, two periodic boundaries are set up with a phase shift per a period (0).
Eigenmodes are thus defined as traveling wave solutions by specifying the phase advance of
the periodic boundaries. Therefore, the parameter sweep provides a dispersion curve of a
designed structure and also generates an impedance versus frequency curve. The solution
domain is a single translational period (d), but the impedances are calculated from the halfperiod integral as the longitudinal field orientation has 180-degree phase-change at the
middle of the defined period. Since the traveling-wave supported by the structure is
represented as a frequency-domain solution in the simulations, the field solution is provided
as a full complex-vector field, which directly supports multiplication with the complex
exponential in the impedance integral.
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Figure 12: (a) contour plots of electric fields at (1) lower-cutoff, (2) mid-band, and (3)
upper-cutoff modes and (b) S21 of the forward wave passband
Figure 12(a) is the contour plot of the axial field data (Ez) for impedance calculations
from CST data acquisition found in Eq. (2) and signal transmission through the designed
circuit (Fig. 12(b)). Figure 13 displays the interaction impedance (Km) versus frequency
graph of the forward wave regime. The impedance steeply falls off with increasing frequency
from 3.1  (lower cutoff) to 2  (mid-band) and even lower back down to ~ 1.3  at the
coalesced mode since the increment effect of frequency and phase is dominant at  = 2.3 ~
2.6  (f = 71 ~ 76 GHz), but that of the stored energy and impedance become more and more
dominant above  = 2.5  (f = 73.5 THz). As the mode number increases, phase velocities of
the higher order mode (HOM) are completely mismatched with the beam velocity and
therefore confined traveling modes would not be excited by the electron beam. A few modes
around the upper cutoff would oscillate if either the beam current exceeds their startoscillation threshold or if a large reflection is present at the circuit boundaries.
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Figure 13: Small signal Gain for 80 mm circuit

Figure 13 shows gain for a circuit consisting of 80 cavities with d = 1 mm. The
higher beam voltage synchronizes with lower frequencies as is expected with the dispersion
curve shown earlier. The power-flow in the structure is calculated directly from the surface
integral of the Poynting vectors in the field solution. The field normalizations is
accomplished with an appropriate power flow or energy calculated from the simulation.
2.3 Particle-in-cell (PIC) simulation analysis
Particle-in-cell (PIC) simulation is used for a parametric examination of the designed
circuit. PIC simulation provides a much more accurate view of the actual output power that
can be attained as the PIC simulation takes into account the slowing down of the electron
beam as energy is transferred. By adjusting operating conditions and circuit dimensions,
optimized gain and output power can be found. Beam tunnel height of the circuit change the
beam coupling with the circuit as it changes the circuit’s axial electric field strength. As the
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beam tunnel height is increased, the axial electric field strength lowers and amplification of
the circuit lowers. If the beam tunnel height is too small, however, the beam filling ratio will
be too high and could cause collision with the wall of the circuit.

Limitations on how small

the beam tunnel can actually be manufactured is another restraint to the beam tunnel height.
Beam tunnel height ‘b’ is simulated with varying ratio and it is found that b = 0.326 mm has
a good tradeoff of beam coupling without making the beam filling ratio too high as seen in
figure 14. This resulted in a beam filling ratio of 2/3 in the minor axis and 0.7/0.77 in the
major axis.

Figure 14: beam tunnel height sweep
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Figure 15: Output Power vs number of cavities with 1mm period (b) Beam energy vs
axial distance (mm)
Parametric analysis of the geometrical dimensions is done to maximize beam
synchronization with RF, particularly for the mid-band frequency (f = 73.5 GHz). This is
calculated by measuring output power at output port of the circuit and comparing electron
beam energy distribution and circuit dimensions as needed. By means of the numerical study,
the circuit parameters are optimized as follows: period d = 1 mm, beam tunnel height b =
0.326 mm, waveguide width h = 2.263 mm, vane height L = 1.3 mm, and cavity length a =
0.8 mm. PIC simulation indicates that the circuit wave becomes out of synchronization after
80 cavities, as shown in Fig. 15 along with the beam energy distribution.

In the case that the

circuit is longer than 80 periods, the RF would begin to de-phase with the electron beam and
lose the power (Fig. 15(a)). One can thus see that the optimized number of initial cavities is
about 80 mm for 1 mm period length with 100 mW input power at 73.5 GHz with 100 mA
beam current and 10.4 kV beam voltage.
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Figure 7: Optimized 1 mm synchronization output power (a) and (b) Gain curve

Changing beam voltage changes the electron velocity in the beam and altering the
beam velocity changes the axial velocity that needs to be matched with the slow wave
structure. The dispersion curve from earlier shows the impact of changing the beam voltage
and how it alters the frequency band that will receive amplification. Figure 15(b) shows the
beam voltage power measurements for 73.5 GHz along with the gain corresponding to the
output power. Though the circuit is designed theoretically for 10 kV, the higher beam voltage
10.4 kV shows much higher output power. This shows that, in fact, a higher beam voltage
allows for longer beam-wave synchronization in the drift tube as is caused by the nonlinearity
of the electron beams axial velocity. As the beam exchanges energy with the RF, it slows
down. This must be accounted for in actual practice. To get an idea about the frequency
band, frequency sweeps are simulated after major changes to the design are made. Figure 16
shows the output Power for the operating frequency band as simulated for each integer
frequency along with the center frequency. Gain is calculated with 50 mW input driving
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power. The small signal gain is also included showing the discrepancy between small signal
simulations that assumes a very small signal as well as not accounting for the space charge
effect. Figure 17 shows that max output power reaches 21 Watts at 73.5 GHz with for 10.4
kV, 50 mA beam current driven by a 50 mW, which corresponds to 23 dB gain for the single
stage. This pertains to 3.5 GHz of bandwidth from 70.75 GHz to 74.25 GHz for reference,
Figure 18 shows the output power difference with 10 kV and 10.1 kV interacting with the
circuit.

Figure 8: (a) Output Power of varying beam energies and (b) gain of varying beam
energies
The small signal gain theory. as predicted by Pierce, does not account for the
nonlinearity of the beam energy as well as the larger initial RF signal introduced into the
circuit. Saturation of output power occurs with a larger input signal however the gain of the
circuit drops because of this. According to the frequency scan with the PIC simulations, it is
found that the designed circuit produces about 3.5 GHz of bandwidth from 70.75 GHz to
74.25 GHz. Figure 19 shows the changes input power has on the output power via the output
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power versus input power and gain versus input power. Optimization of a single stage circuit
shows a maximum output power of 24 Watts with 100 mW input power, 100 mA and 10.4 kV
beam current and beam voltage. Using a lower input signal will increase gain but will result
in lower total output power.

Figure 9: Output Power vs Frequency for 10.1 and 10.4 keV

Figure 19: input power (a) output power vs frequency and (b) gain vs frequency

100 mW is achievable in V-band for solid state devices and thus is a reasonable input signal
to design the circuit with. Optimization of a single stage circuit shows a maximum output
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power of 24 Watts with 100 mW input power, 100 mA and 10.4 kV beam current and beam
voltage. Using a lower input signal will increase gain but will result in lower total output
power. Tapering of the circuit is looked at next to increase efficiency and gain of the circuit.

2.4 Extended beam-wave synchronization velocity tapering
The beam-wave synchronization can be extensively preserved by tapering a
periodicity of traveling wave structure after the electron beam is de-phased with the initial
circuit dimensions [22]. This velocity tapering enables continuous energy conversion from
electron beam to RF-wave, which can efficiently improve power gain and radiation
efficiency. Velocity tapering is done by restructuring the circuit dimensions at some point in
the circuit after the beam energy has dropped. The lower beam energy results in slower
traveling electrons and thus the period of structure must be spaced closer to account for this
effectively shortening the distance the electrons have to travel per wavelength of the RF.
Using the new electron velocity, present at the end of the first circuit, a second section of the
SDGA circuit is designed using the same design procedure as the initial circuit.
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Figure 20: (a) 2 stage temporal RF power distribution (b) beam energy vs axial distance
for 2 stage design
Figure 20(a) shows the temporal beam power that is achievable by adding a second
tapered section. Figure 20(b) shows the beam energy distribution along the longitudinal
direction of the circuit with 120 periods. Note that the beam energy drops from 10.4 keV to
9.4 keV within the initial 80 periods and beyond the first interaction length the electrons
gradually moves back to acceleration regime from deceleration. It is previously shown that
RF power amplification is saturated with 40 Watts at 80 of periods in Fig. 15. The second
section is optimized by adjusting the period for the synchronous condition with 9.4 keV
beam. Redefining structural dimensions of the second section for the 9.4 keV synchronous
condition is accomplished in the same way as the first section. The optimized dimensional
parameters are found as d (period) = em/ = 0.965 mm, b (beam tunnel height) = 0.326
mm, h (waveguide width) = 2.276 mm, L (vane height) = 1.3 mm, and a (cavity length) = 0.8
mm. One can see that cavity height is the only parameter adjusted to accompany the new
period of the second section. Figure 20(b) shows the beam energy distribution of the
extensively synchronized SDGA circuit with the velocity-tapering. Note that the beam
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continuously loses the energy beyond 80 periods by adding the second section, which
amplifies a 100 mW driving power up to 62 watts, corresponding to 28 dB of power gain.
After 80 cavities, the synchronization conditions of the beam-wave interaction is no longer
present and thus the beam will no longer transfer energy to the RF. This can be seen by the
beam energy no longer lowering. Redesigning the circuits dimensions will again match the
phase velocities of the beam and the RF and thus will cause energy transfer from the lowered
beam energy to the RF again. Varying a number of periods for the second section allows for
optimization of output power and gain for the 2nd stage.

Figure 21: : (a) output power vs number of 2nd stage periods after 80 first stage cavities
(b) gain vs number of 2nd stage periods after 80 first stage cavities
As shown in Fig. 21, the amplified power rises with an increase of the number of
periods, but it is no longer increased with the circuit length beyond the synchronous regime
with ph ~ 0.1893c (d = 0.965 mm). Figure 22 shows the output power and gain as cavities
increase for single stage and two stage circuit after 80 cavities for center frequency 73.5 GHz.
The second stage has a short period of de-synchronization before the restructured second
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section matches phase and increases output power. After 30 second stage cavities, the output
power drops as can be seen implying that the beam is no longer synchronized with the second
stage of the circuit. Adding a third stage is possible at this location if higher output power is
desired. The process would be identical to the second stage design.

Figure 22: (a) output power vs cavities for all fundamental cavities and 2 stage design
(b) gain vs cavities for all fundamental cavities and 2 stage design

Figure 23: (a) Output power and (b) gain versus frequency graphs for the optimized 1
and 2 stage SDGA circuit
Figure 23 shows gain versus frequency graph, obtained from PIC simulations of the
optimized extended circuit model. The power gain is improved to 28 dB, corresponding to 62
watt output power at 73.5 GHz, accompanied with 7.5 GHz 3dB bandwidth which is an
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improvement of dynamic bandwidth (3-dB). Max output power reaches 80 Watts at 71 GHz
which translates to a max gain of 29 dB. One can see that the power amplification is
noticeably enhanced over the wide bandwidth on the fundamental passband by tapering the
phase-velocity of the circuit wave. In principle, the power amplification and energy
conversion can be continued by additionally tapering the phase velocity. The slowed beam
losing the kinetic energy can thus be further synchronized with the circuit wave by the multistaged velocity tapering to achieve larger radiation powers. For practical applications, other
technical perspectives such as stable beam focusing/alignment along the lengthy interaction
structure should be considered though. The simulation result indicates that the co-planar slow
wave structure is well compatible with the extended phase-velocity matching concept, which
is often implemented to conventional traveling wave amplifiers, as clearly showing the
noticeable improvement of power gain and bandwidth.
By means of linear gain theory and PIC simulation modeling, output performance of
the co-planar traveling wave amplifier constituting the SDGA base-structure has been fully
analyzed. The analysis shows that the dc beam elliptically shaped (7 : 1 aspect ratio) with ~ 1
kW beam power (~ 10 keV and 100 mA) amplifies a driving signal of 100 mW to 80 Watts
of peak power, corresponding to 29 max dB gain with 7.5 GHz dB-bandwidth over the
fundamental passband, with the extended phase-velocity matching section. It thus turns out
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that the radiation efficiency is improved from 3.85% to 5.97% (55% improvement) by
extending the beam-wave coupling. The result comes up with potential of the SDGA
structure for powerful coherent radiation in the millimeter and sub-millimeter wave regimes
and also applications for such a high-gain traveling wave amplification can reach a wide
range of scientific, military, and commercial areas that require a compact, broadband power
sources such as high data rate remote communication and radar systems.
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CHAPTER 3: DESIGN MODELING OF TWT SYSTEM COMPONENTS
3.1 Components
Other stipulations of the research project required designing of all components for a
TWT in V-band. These components are not related to the beam wave synchronization of the
SWS but are still vital to complete design of the TWT. Besides the slow wave structure, TWT
design includes a means to introduce and retrieve the electron beam as well as the RF into the
circuit as shown in Fig. 24. All of these components will be explained in this chapter.

Figure 24: Components in Working TWT with components shown

RF introduction and removal are completed by designing an RF window and RF coupler. The
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role of the window is to separate the pressure differences of the environment and the vacuum
inside the slow wave structure. Dielectric material for the window must be strong enough for
the pressure differences while also maintain reasonable transmission of the operating RF
signal. The RF coupler is designed to introduce the RF from standard coupler sized
waveguides into the intricate waveguide design that is SDGA. This typically involves a
tapering in at least one direction which slowly changes the dimensions of the waveguide from
the standard dimensions for the given waveguide. The input and output couplers and
windows are of the same to ensure impedance matching which would cause oscillations and
transmission issues. Creation and collection of the electron beam requires three components,
namely the electron gun, focusing structure, and collector. The electron gun is composed of a
flat thermionic cathode with a low work function that will produce axially moving electrons
in a steady stream as well as a focus electrode to focus the beam into the waveguide structure.
Inside of the waveguide, the electron beam will be experiencing a large outward radial force
because of the space charge of the closely focused electrons. This force is negated by using a
periodic magnet stack to induce a magnetic force equal to the space charge force by means of
Lorentz force law. Finally, the electron beam will need to be collected after the RF is
removed from the circuit via the output coupler.

This will be accomplished by means of a

multi staged collector which the electron beam will slowly deposit its energy onto. The

44

collector allows for safe slowdown of the electron beam while also recycling some of the
beam’s spent energy into energy to heat the cathode increasing the efficiency of the overall
circuit.
3.2 RF Introduction into Slow Wave Structure
To realistically measure make power measurements in the PIC simulations, RF
couplers must be attached to the simulation circuit. Once optimized couplers are attached to
the SWS, input and output power could be more accurately calculated by measuring power at
the ports of the couplers. Design emphasis is placed on allowing a smooth transitioning for
the RF as the EM waves travel from the adapter section to the slow wave structure, however,
in construction, a step transformer would be simpler to fabricate. Adapter sizes depend on the
frequency of the circuit as is commercially sold as standard dimensions for each frequency
band. These dimensions are found by choosing the height for the fundamental mode in the
adapter along with the width typically being half of the height to ensure high voltage
breakdowns. For E-band (60 – 90 GHz), the inner dimensions of the standard commercial
adapter is 3.0988 mm by 1.5484 mm. E-band is chosen at the time of optimization because
technically V band only runs from 50-75 GHz and thus 76 GHz is not in that band however,
time willing, the V-band adapter dimension would also be simulated to see which offered
better coupling. Coupler design is accomplished by defining the dimensions in each section
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for the coupler and then optimizing each of them individually. The three sections that need to
be in the coupler is the straight waveguide section leading from the SWS, the tapered section
which smoothly introduces the rf into the circuit, the straight waveguide section before the
tapered section, and the section that the electron beam traveled through. To accurately
measure the transmission and reflection of the coupler, two couplers are placed back to back
with 10 cavities in between. The number of cavities is chosen as a low number to increase
simulation speed and because it ultimately makes no changes on the parametric study. These
components of the coupler are slowly varied while measuring the S11 and S21 across the 10
cavities.

Figure 25: (a) coupler dimensions and (b) optimized coupler design

A well-known method to make a coupler have better transmission (S21) is by adding
a tapered section for the smooth transition. The RF-coupling into the slow wave structure can
be improved by chamfering the edge of the tapered waveguide, as depicted in Figure 25. The
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chamfering acts the same way that the tapered section does by making the dimensional
changes of the waveguide slowly change instead of being abrupt. Increasing the chamfer up
to 5 degrees results in much higher transmission. The coupler design is optimized to
minimize insertion loss and return losses through a SWS with the couplers. Insertion losses is
a figure of merit defined as −𝐼𝐿(𝑑𝐵) = −20 × log |𝑆21 | while the return loss is defined as
𝑅𝐿 (𝑑𝐵) = 10 × log 𝑃𝑖 where Pi is the input power and Pr is the reflected power. They are
directly related to the reflection (S11) and transmission (S21).

Figure 26: (a) S11 vs frequency and (b) average S21 vs number of cavities in couplers

Average S21 along with S11 versus frequency is attached in Fig. 26. The net S21 of 80
cavities is measured by subtracting 5 cavities from 85 cavities as this omits discrepancies
stemming from simulation boundary conditions. This is done because the transmission of
both simulations would have inherently lower transmission due to the impedance mismatch
of the couplers, which leads to the average S11 being - 6 dB with S21 of 80 cavities being -2.4
dB. All optimization of SWS simulation had these couplers attached to them for both output
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ports. Average S21 for varying cavities is shown in Fig. 27.

Figure 10: (a) S21 vs frequency for varying number of cavities (‘n’) and (b) average S21
for number of cavities
3.3 RF vacuum window
A window is needed to be designed to couple the RF into the vacuum section of the
circuit along with the material of the window being thick enough and with the tensile strength
to maintain the pressure difference between the vacuum of the circuit and the atmosphere
outside. For window design, the two window designs are straight waveguide along with a
pillbox design as shown in Fig. 28. Straight waveguides are very easy to manufacture and
thus is first evaluated. The pillbox cavity is typically used in high frequency simulation and is
examined after the straight waveguide cavity as it has a much higher potential for better
transmission characteristics. Along with structural design of the cavities, different material of
the dielectric also changed how well the RF couples into the coupler. Mica is chosen as the
material due to its transmission capabilities for V-band along with the strength of the
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material.

Figure 11: (a) Straight waveguide window and (b) Pillbox window

Under operating band, transmission of over -0.5 dB for fundamental mode is desired
along with reflection of under -10 dB. Straight waveguide used the standard ‘E’ band
waveguide for window design of 3.0988 mm by 1.5494 mm. The straight waveguide is the
simplest design with the E-band coupler dimensions used for the input and output coupler.
The main parameters that differ the transmission of the straight waveguide is the dielectric
width and the dielectric material. The major and minor diameters are standard for E-band
waveguide windows. The height of space on either side of the dielectric, dielectric width, and
material are parameters that can vary the transmission. The material for the dielectric is
chosen to be sapphire. This is chosen due to sapphire being cost effective and typically used
for the frequency band of the circuit. Sapphire offers a loss tangent of 10-4. It is found that S21
for the fundamental mode is not changed very much from changes to the height of the
waveguide. As expected the dielectric width did have a major impact on the transmission
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yielding undesired transmission for even small dielectric widths, as shown in Fig. 29.

Figure 29: Transmission spectra of straight waveguide with different dielectric widths

The 1 mm sapphire width has S21 of over -8 dB for the straight waveguide. This transmission
is unacceptable for adequate RF introduction into the vacuum. Because of this, the pillbox
window design is now looked. With the simulation modeling of window in design, the
dimensions are adjusted to maximize transmission of fundamental mode (TM01) and to
minimize that of higher-order-modes (HOMs). The pillbox window design is examined as the
straight waveguide does not have proper amount of transmission at the V-band for any
practical dielectric thicknesses. Window thickness is a necessity to maintaining the pressure
difference for the tube while also increasing the durability of the tube. The main dimensions
of the pillbox is the pillbox regions radius, vacuum height on either side of dielectric, and the
dielectric (sapphire) width. With the simulation modeling of window in design, the
dimensions are adjusted to maximize transmission of fundamental mode (TM01) and to
minimize that of higher-order-modes (HOMs). HOM transmission had large spikes of
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transmission at the frequencies that strongly coupled through the pillbox cavity for different
combinations of pillbox dimensions. The HOM peaks are diminished making minor
adjustments (tenths of millimeter) to the pillbox dimensions, which causes noticeable change
of S21 of the fundamental mode. Minor adjustments to cancel HOM transmission also
changed the fundamental modes S21 rather drastically. This design optimization was able to
increase window thickness dramatically. By the parametric design analysis, the window is
designed with 900

dielectric thickness, which gives a reasonable amount of signal

transmission along with suppression of HOMs. Figure 30 shows the |E| contour plots along
with the first 4 modes transmission and reflections along with the average Transmission for
the first four modes. Signal transmission reaches -0.05 dB transmission while the first HOM
is -42 dB showing that the window effectively cancels presence of HOM that could disrupt
amplification.
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Figure 30: (a) |E|, (b) S11, (c) and S21 of first for modes

3.4 Sheet beam electron gun
An electron gun provides the electron beam in a TWT. The beam that is produced
needs to have the correct voltage, current, and dimensions as is designed in SWS simulation.
The stream of electrons are typically created by heating a flat cathode with a low work
function to emit electrons in the axial direction. The stream of recently emitted electrons are
then guided into the drift tube using a Focus electrode (FE) which governs the amount of
focusing by the voltage applied to the FE along with the slope of the FE. The voltage induces
an electric potential field that causes the electrons to follow in paths perpendicular to them.
For a spherical beam, the FE is symmetrical in both dimensions but with a sheet beam
cathode, the slopes of the major and minor axis are different. Electron guns are typically
designed the same except for the operating conditions and size of the guns needed.
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Electron gun design must overcome the fact that current density needed in the drift tube is
much greater than the current density that any cathode can supply. Cathode are able to easily
supply about 50 A/cm2. The issue is that this is usually far too low of a current density needed
for adequate gain in TWTs. This means that tube designers must start with cathodes larger
than the beam size in the drift tube. The beam must then be focused using the focus electrode
to bring the beam to the desired size. This is accomplished by utilizing a focus electrode to
force the stream of electrons to compress to the desired dimension as needed for the given
TWT design needs. Most TWTs incorporate a spherical cathode due to the symmetrical
properties of the electron beam makes the focusing structure of the beam much simpler. Sheet
beams, however, allow for lower current density in the drift tube by increasing the size of the
beam. This is done by stretching the beam out in the major axis which leads to lower space
charge interaction. Total current can thus be increased as the number of electrons is increased
and, as seen with the PIC simulations, dramatically increase output power. Forcing electrons
into such tight proximity increases the second issue that electron gun’s must overcome, the
electrostatic repulsion of the electrons. This repulsion force causes the electron beam to
diverge.
Simplicity of design motivated the usage of a spherical cathode along with the lower
peak electric field. Electrons encounter the electric field of the focusing electrode as they are
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emitted from the cathode. This motivates compression in both the minor and major axis
governed by the respective angle of both planes. The electron gun design allowed the
flexibility of controlling the slope of both axis while connecting the major and minor axis
focusing electrode via a smooth transition to make the electrode one piece. The anode is a
large flat surface that has a nose section, as shown in Fig. 31(b). The nose has a tapered
section on the inside of it to allow the electron beam to enter the drift tube without collision
with the wall. Rounding of the anode and the focus electrode has rounded edges to decrease
the electric field gradient on the electron gun. A presence of high field exceeding a
breakdown threshold will possibly result in melting and destruction of the gun at the
maximum field locations. The gun geometry is engineered by adjusting dimensions of the
anode and focus electrode until the field strength is lowed below the threshold, while
maintaining the beam current to operational range. Changing the slope of the focus electrode
in either major of minor axis changed the location of beam waist as well as beam waist size in
their respective axis. Changing the slope of either axis will change the electric potential in the
gap between the anode and electrode. Figure 31(a) shows the slopes of the major and minor
axis of the FE. It is clear how much greater the slope is in the minor axis than the major axis.
This is the case because the minor axis compresses the beam while the major axis is designed
to only overcome the space charge.
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Figure 31: Electron Guns (a) Focus Electrode Design and (b) Anode Design

Anode voltage is held at ground while the focus electrode is held at the negative
SWS beam voltage of -10.4 kV. This is done because the focus electrode requires a large
negative potential to act as a guide to push the electrons into the drift tube. The anode does
not need to be held at a potential difference because the electrons already have an axial
velocity directed away from it. In the gun design, the cathode-anode distance is adjusted to
locate the beam waist position around the first peak of periodically varying magnetic field of
beam-focusing structure. The optimization of beam waist position helps to design a magnetic
focusing structure, which will be discussed in the next section. In order to minimize electron
collisions on the anode and beam tunnel, the entrance of the beam tunnel is tapered toward
the drift tube, as shown in Fig. 31(b), which improves the beam transmission along the SWS
circuit. The beam trajectory would collide with the wall of both the major and minor axis
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without the tapered sections. For the gun design, the edges are all rounded to reduce
amplitudes of peak electric fields at the sharp corners. In general, permitted field strength for
CW tube operation is about 10 MV/m or less. Rounding the edges significantly lowers the
peak field down to 4.3 MV/m, which is within the range of the high voltage tolerances, as
shown in Fig. 32(a). Note that the peak field appears around the perimeter of the circular
focus electrode, as shown in Fig. 32(b).

Figure 32: max electric field gradient of gun with (a) non rounded edges and (b)
rounded edges
Without rounding of the edges, the cathode-focus electrode gap is the location of
highest field gradient but the entire field is too large with the maximum value approaching
over 2 GV/m which is 450 times higher than without rounding. One can thus see that
optimizing structural dimensions of the designed electron gun features will further reduce the
electric field strength to avoid a high voltage breakdown on CW operation. Figure 33(a)
above shows the beam trajectory, without magnetic focusing, of the optimized gun design.
The figure shows the necessity of the tapered region in the anode space. Electron distribution
is shown above for varying axial distances showing the compression in both the major and
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minor axis.

Figure 33: (a) beam trajectory of optimized gun (b) current vs axial distance of E-Gun

Without the tapering, the electron beam would interact with the walls of the drift
tube, as shown in Fig. 33(b). The transmission drops to 62 % after just 18 mm into the drift
tube (30 mm from cathode). Particle distribution at different points from the cathode can be
seen in figure 34 below.

Figure 34: Particle Distribution at different axial distances from cathode (a) 0mm and
(b) 30 mm
The cylindrical cathode emits a spherical particle distribution while the Focus
electrodes compress the beam in the minor axis to fit into the beam tunnel. The nest step in
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design is to design the focusing structure that will keep the electron beam from colliding with
the beam walls due to space charge.
3.5 Magnetic lens structure for sheet beam focusing
Closely packed electrons result in space charge effect. This occurs due to Coulombs
force pushing like charged particles away from each other. When electrons are constrained to
flow as closely packed as in a sheet beam then the electrons naturally push away from each
other. This separation of the electron beam causes the beam diverge and ultimately collide
with the walls of the copper slow wave structure which will lead to melting and destruction of
the Traveling Wave Tube. To counteract the space charge force, a focusing magnetic field is
used to force the electron beam to maintain the shape throughout the entire length of the
circuit as seen in Fig. 35.

Figure 35: PCM magnetic field with beam lines

The magnetic field applied to the electron beam obeys Lorentz force law
.The Magnetic field is applied does not induce a transverse force but
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induces a counteracting radial force for electrons at the outer perimeter of the electron beam.
The Magnetic stack that is implemented to focus the electron beam is a Periodic cusped
magnet (PCM), as shown in Fig. 36.

Figure 36: PCM magnet design with dimensions listed

The periodicity of the alternating magnetic stacks adjusts the focusing of the beam.
The bending of the sheet beam can be reversed by implementing the alternating transverse
field with a correct periodicity spanning the alternating magnetic fields. Periodicity as well as
range of magnetic strengths is suggested via [23].
2.2 × 𝑉𝑏 ×

𝑃
9.2 × 10−4 × 𝑉𝑏
≪ 𝐵𝑜 2 ≪
𝐴
𝑙𝑚 2

Where P/A is pervs/cm2, Vb is beam voltage, b is beam tunnel height, Bo is the magnetic
strength, and lm is the periodicity of the magnets (two magnet lengths). This suggests a
magnetic field strength between 0.92 kG and 5.7 kG would provide adequate focusing for a
periodicity of 5.4 mm of magnetic periodicity. Figure 37 shows the upper and lower bound of
magnetic focusing for a given magnetic periodicity. This gives a rough design to help with
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where to start computational investigation.

Figure 37: Upper and Lower bound magnetic field of varying periodic magnet lengths

Permanent magnet material must be carefully chosen to provide the necessary
magnetic field while comparing the cost of the magnets with the magnetic strength density it
provides. Neodymium Iron Bore magnets provided the best flexibility of magnetic
Remanence while also providing high maximum magnetic Remanence. The magnetic
properties of differing grades of Neodymium Iron Bore magnets varies the residual induction
anywhere from 14.4 kG to 10.0 kG with step sizes of approximately 0.3 kG in between. The
maximum Remanence available is listed at 14.4 kG and is used as a maximum magnetic
Remanence to stay under for max Remanence simulations. Distance between magnet stacks
needed to be larger than the height of the circuit along with the copper on either sides. 1 mm
of copper would suffice and thus the gap needed for this is determined to by 5 mm.
periodically cusped magnet (PCM) stack can be seen in the Fig. 36. The red corresponds to
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iron and the blue to magnetic material with alternating magnetic direction between transverse
and anti-transverse direction. Simulation of magnetic strength is depicted in Fig. 38.

Figure 38: Transmission Tests of (a) magnetic Remanence, (b) magnetic periodicity, (c)
magnet height
It can be seen from the figure that 100% beam transmission can be attained with 16
kG magnetic Remanence. This is too high of Remanence and so periodicity is also scanned.
Beam transmission is defined as the Beam current at the end of the circuit divided by the
initial beam current. Unfortunately, common magnetic material does not have that magnetic
remanence and thus 13.6 kG is used as the magnetic remanence as this is an achievable
magnetic remanence while still maintaining a high transmission percentage of 94.5 %.
kG remanence results in 1.39 kG present in the middle of the circuit with a gap of 5 mm
between the magnet stacks, as shown in Fig. 39.

13.6
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Figure 12: Magnetic Field at center of gap for a gap distance of 5 mm. Tesla vs axial
distance (mm)
Periodicity of magnet is simulated resulting in a periodicity of 6.6 mm to optimize
beam transmission up to 98.5%. Height of magnet and iron stacks is conducted after this to
increase transmission to 100%. With 100% beam transmission, CW operation can be
implemented for 13.6 kG magnetic remanence with a periodicity of 6.6 mm and a magnet
height of 28 mm. A typical beam transmission for CW operation is anywhere above 99%. As
shown in Fig. 40(a), 100% beam transmission is accomplished.

Figure 13: (a) beam trajectory with optimized focusing structure (b) Maximum and
minimum particle distribution with circuit walls included in purple
The optimized magnetic field design is then imported into the gun simulation for
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final focusing along the drift tube. This translated to a beam ripple of 58.6% with 100% of
the 87.1 mA beam current traveling through 110 mm of drift tube. Major and minor diameters
of the beam waist can be seen in the Figure 40(b) above along with the beam wall dimensions
in purple. Average minor axis minimum diameter is measured to be smaller than the SWS
PIC simulation diameters however time constraints prevented rectifying the issue by
adjusting dimensions on the electron gun. Beam trajectory can be seen to have 100% beam
transmission which is the main goal in optimizing beam focusing structure. Due to the high
beam transmission, CW operation is a possibility as heating of the beam walls will not
happen because of the lack of beam collision with the beam wall.
3.6 Multi-stage depressed collector
The electron beam will continue traveling after the RF is coupled out from the output
coupler. No matter how much energy is transferred to the RF, the electron beam will still have
a large amount of energy that needs to be safely dissipated. The final component of a TWT is
called a collector that is essentially a large dissipative material that slowly absorbs the energy
of the electron beam. The collector is typically the largest piece of the TWT as the slowdown
of the electron beam requires large surface areas to allow cooling of the electrodes material to
prevent melting and overall destruction of the vacuum structure. The collector typically has a
reverse bias potential that slows the electrons down before they collide with the surface of the
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collector. In addition to slowing the beam down for safety reasons, the collector also
increases the overall efficiency of the circuit by recovering some of the energy of the beam.
The energy that is recovered can then be applied back to heating the cathode to decrease the
overall amount of power needed to run the TWT as a whole. The collector does not have to
be a single piece and, in fact, is often broken into multiple stages, as shown in Fig. 41.

Figure 41: (a) single stage collector and (b) 4 stage collector

These collector are naturally called multi-stage collectors as they slow down the
electron beam in multiple stages through use of multiple electrodes. Each stage is typically
designed by itself to improve wall efficiency before adding another stage. The final stage will
then be required to entirely stop the electron beam. Number of electrodes or stages, potential
applied to each electrode, sizes of each electrode, and material used for each electrode all
determine the total size of the collector as well as the efficiency of the device. Collecting the
spent electron beam at the end of the circuit is vital to increasing efficiency of the circuit to
be able to use in applications where power is an issue. Efficiency of the collector is a function
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of the number of stages in the collector along with the circuit efficiency and the beam
parameters as seen via the following equation [24].
1 √𝜇𝑝𝑒𝑟𝑣 𝜂𝑐𝑘𝑡

𝜂𝑐𝑜𝑙𝑙 ≈ 1 − 𝑁−1
Where N is the number of stages in the collector and

√𝜇𝑝𝑒𝑟𝑣 𝜂𝑐𝑘𝑡

is the circuit efficiency, ‘f’ is a

constant of the microperveance, and µ is the micro-perveance of the beam. Mid-band
radiation power is 62 watts which is taken from the 1040 Watt beam power emitted from the
cathode. Beam power at the end of the circuit is the difference between initial beam power
and radiated power. Post synchronization beam power, multiplied with beam transmission %
(100%), is multiplied by the efficiency of the collector to solve for the total power that can be
recovered. Power recovered from any given depressed collector is defined as the collectors
efficiency multiplied by the beam power at the collector. Maximum efficiency of differing
stages of the collector can be seen via the figure 42 below as a function of beam transmission.

Figure 42: (a) factor of microperveance and (b) collector efficiency of different number
of collector stages
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With 100% beam transmission, a 4 staged collector would increase efficiency up
to 36% while 3 stages peaked with 27% and 2 stages reached 16%. Reverse bias voltage and
collector size dictates the actual efficiency of the circuit by changing the amount of spent
beam power to be deposited on each electrode. Each section of the collector can have
different voltage applied to slow down and deposit the electron beam on the electrodes in
steps. Spent beam power deposited on each electrode need to be cooled to prevent melting of
material. This is dictated by the material that is used for each electrode, the voltage on each
electrode, and the size each electrode. Figure 43 shows the 4 stage collector (43a) and particle
tracking simulation in figure 42(b).

Figure 14: (a) 4 stage design, (b) particle tracking of 4 stage design, and (c) beam
imported location for simulation
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Figure 44: (a) Temperature of electrodes for (b) beam energy deposited on electrodes vs
time

The collector is designed by the thermal and mechanical analysis using CST. Spent
beam data from the 73.5 GHz slow wave structure is collected at the end of the slow wave
circuit and imported into the start of the collector as can be seen in figure 43(c) above. This is
then imported into the design of the collector for electrostatic solving with the desired reverse
voltage bias on each electrode. Following this step, the lost electron energy is translated into
beam power dissipated on the collector electrodes in the process of combined simulation
analysis from PIC simulation to transient thermal solve. The combined simulate modeling
analysis provides thermal distributions from the spent electron beam and location of hot spots
(peak temperature) on individual electrodes depending on the thermal qualities of each
electrodes material used. Tungsten is used for the electrode design as it is a typical material
chosen. Power deposited per time on each section can be seen in Fig. 44(b) above and
maximum temperature of each electrode in Fig. 43 (a). Tungsten is a typical material for
collectors that would be a good material for design as it has a melting point of 3500 Kelvin
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and would be able to sustain the power deposition of the spent beam. Altering the electrodes
reverse bias voltage or size will change the thermal deposition of the collector. Doing so will
lead to higher efficiency of the overall circuit however time constraints prevented more
optimization of the collector.
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CHAPTER 4: RF-TEST OF CO-PLANAR BEAM-WAVE STRUCTURE
4.1 Introduction
Fabrication and testing of the optimized slow wave structure would prove the circuit
design’s transmission traits. The problem is that physically testing high frequency circuits,
from a manufacturing point of view, is very difficult and expensive. This can be remedied by
scaling up to a lower frequency. Our vector network analyzer (VNA) measures transmission
and reflection in a circuit. The VNA can measure only up to 40 GHz, which does not cover Eband or V-band spectra. As EM dynamics is universally valid, the V-band slow wave structure
is scaled up to S-band. This scaled experiment provides wave patterns and signal
transmission/reflection spectra of the SDGA circuit structure.

4.2 Preparation of a RF-test device

Figure 45: CST simulation of single stage design (b) fabricated circuit with 11 cavities
Fabrication of the SWS began with the idea of scaling up the SWS dimensions to “S”
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band to test on the working klystron in the lab. Fabrication of the circuit to this scale allows
transmission tests using a VNA. There is an aluminum rod already purchased that limited the
number of cavities to 11. By scaling up the circuit it is possible to test the transmission of
what the V-band scale would be. To scale the circuit’s center frequency from 73.5 GHz Vband to S-band (2.856 GHz) required a scale factor of 73.5/2.8. Design is adjusted to include
appropriate width of the copper walls along with the constraints of the milling tool used in the
machine shop at NIU. Using Computer software, the circuit is scaled up to S band. This could
be used to test the simulation circuit that is used for computer simulation as can be seen by
Figure 45(a) along with the final machined circuit in figure 45(b). The length of the rod
measured 63.5 mm and limited the number of cavities that could be designed to 11. By
collaborating with an NIU machine shop, the scaled SWS circuit, consisting of 6 different
parts, is successfully machined. The parts are bolted together to be assembled as a single test
piece. The drill used for machining leaves rounded edges of about 1/8 inch radius on the
corners of the circuit and couplers, which are also included in the simulation model.

4.3 Measurement of transmission (S21)/reflection (S11) coefficients
After fabrication of the scaled up circuit is complete, the circuit transmission and
reflection using the working vacuum network analyzer is examined. The VNA works by

70

attaching the couplers to the input and output ports of the circuit and then attaching the
coaxial cables to the couplers to test transmission and reflection. The circuit is attached with
the S-band couplers, as shown in Fig. 46.

Figure 46: VNA simulation with attached circuit

The S21 and S11 are calculated using the VNA. To calibrate the data, the couplers is
detached from the circuit and placed together to test for the S21 and S11. This gave the pure
S21 and S11 of the circuit without intensive calibration needed. Figure 47 shows the S21 of the
created circuit against the transmission of the CST simulation. The transmission of the actual
circuit does not have the same bandwidth because a step transformer is not designed to
introduce the RF into the circuit and thus the cutoff frequency is in the operating band of the
circuit. This could be fixed by designing a step transformer but is not done due to time
constraints. Average S21 could still be compared by comparing the average S21 of the noncutoff mode sections of the simulation and the cold test circuit and in fact show agreement
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with each other.

Figure 47: Transmission spectra of experiment and simulation
4.4 Summary
The transmission and reflection of the S-band circuit matches the simulation that is
simulated using CST. The cutoff frequency of the circuit prevents the full frequency spectrum
that has low transmission losses. This would be changed by adding a step transformer to
increase the adapter size however time constraints has prevented this.
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CHAPTER 5: SUMMARY AND CONCLUSION
Optimization of all of the components of the TWT have been completed along with
the physics theory behind each component. Operating at the V-band will enable higher data
transmission for the size and weight of the MPM that the traveling wave tube would be put
into. Using velocity tapering of the slow wave structure, phase synchronizations is extended
for another 30 mm of the circuit resulting in increased output power. This implies that a third,
fourth, or more sections could be attached to the slow wave structure to continually increase
output power. For the sake of this proof of concept project, two stages are simulated only.
With faster computers and more time, optimizing the circuit with more stages would be a
simple matter of replicating the order of design that goes through in creating a second stage.
The multi stage velocity tapering can provide much higher gain, efficiency, and radiation
power. This proved that extension of the synchronization conditions will remarkably improve
radiation power and gain of the sheet beam TWTs operating in high frequency bands. This
research will help in designing and eventually fabrication of compact power devices to be
mounted on UAVs or other devices that demand high power and high frequency in a compact
amplifier.
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Over the course of the last year and a half, optimized (or as close to optimized as is
able with time constraints) device components are accomplished for SWS, coupler, window,
gun, magnet, and collector for the V-band device. While the theory behind the components is
well known, the actual designs of each piece is not completely identified for compact V-band
devices. Through tedious work, compact design of all of the components for a V-band TWT
is accomplished. With a little more time and better software, complete optimization could be
achieved which could be fabricated for testing. With the previously unexplored EHF band
being now looked at for various applications, amplifiers will need to be designed for varying
frequency bands within this spectrum. It is only a matter of time before the growing demands
of microwave communication needs will force the FCC to open up other frequency bands for
commercial consumers. There are also growing demands militarily that need ever better data
rates to incorporate the growing technology that is being created every year. Whatever the
need, high frequency amplification using TWTs will continue to fulfill the requirements that
are demanded of them.
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